4

Journal of Geoscience and Environment Protection, 2022, 10, 279-304

"“ Scientific https://www.scirp.org/journal/gep
0 “ Research :
94% Publishing ISSN Online: 2327-4344

@,

ISSN Print: 2327-4336

Exploring the Linkage between Land
Use Type and Stream Water Quality
of an Estuarine Island Applying
GWR Model: A Case Study of
Chongming, Shanghai

Lei Ding

Shanghai Municipal Engineering Design Institute (Group) CO., LTD., Shanghai, China

Email: address:568629223@qq.com

How to cite this paper: Ding, L. (2022).
Exploring the Linkage between Land Use
Type and Stream Water Quality of an Es-
tuarine Island Applying GWR Model: A
Case Study of Chongming, Shanghai. Jour-
nal of Geoscience and Environment Pro-
tection, 10, 279-304.
https://doi.org/10.4236/gep.2022.107017

Received: June 23, 2022
Accepted: July 25, 2022
Published: July 28, 2022

Copyright © 2022 by author(s) and
Scientific Research Publishing Inc.

This work is licensed under the Creative
Commons Attribution International
License (CC BY 4.0).

http://creativecommons.org/licenses/by/4.0/

[Omom

Abstract

To understand the spatial correlations between land use type and water qual-
ity of an estuarine island is particularly essential to maintain its original eco-
logical environment. Chongming Island is experiencing a rapid urbaniza-
tion and agriculture land sprawl during the last decades, especially with the
growth of agro-industry and the extension of old style residences. As a con-
sequence, surface run-off from agricultural activities and domestic sewage
discharge has a various linkage with stream water quality on the island. This
study applied a geographical weight regression model approach to recognize
the significance of the relationship between water quality and multiple land
use. We also evaluated their spatial correlations which normally hidden from
other traditional regression methods. The results reveal that the water quality
of less-developed areas on Chongming Island was easily affected by land use
types compared with other regions, TN, TP, BODs, COD were shown as the
most significant responses among all the water quality indicators. Green land
and water area had a reduced effect on nutrients, expansion of industrial
land would continuously make a contribution of pollutants to the water en-
vironment. Suggestions should therefore be taken into consideration during
the process of development planning, in order to prevent water contamina-

tion.
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L. Ding

1. Introduction

As sustainable development is the main objective of management for small isl-
ands worldwide (Sandy A. Kerr, 2005; Tran, 2006; van der Velde et al., 2007;
Romeela Mohee et al., 2015), maintaining the water environment under a healthy
condition is an essential task to achieve the aim of sustainable development. How-
ever, issues like a plan-less urban sprawl, agricultural intensification, agro-
industry, a lack of waste water control and treatment technique on small islands
in China are threatening their own water environment and quality (Baorong
Huang et al., 2008). Furthermore, stream water quality was easily affected by
non-point source pollution generated by agricultural activity and domestic waste
water, especially in rainy seasons, which is the period that represents a major
risk against the water environment protection of the island. Under such cir-
cumstance, exploring the association between multiple land use types and stream
water quality would provide important references for ecological planning and
management for the islands.

Research concerning about stream water quality on an estuarine island has
always been a key issue of the ecological environment protection on the islands.
MARIE L. et al. examined a long-term water quality data set from the mid of
1980 to 1997 to study the trends of eutrophication on Western Long Island, try-
ing to figure out the inducement. In 2010 Emily J. Shumchenia et al. assessed
water quality in Rhode Island of Greenwich Bay in USA using evaluation of se-
diment profile imagery as the tool. Later on in 2011, Zhongyuan Yu et al. used a
multiple-factor method to study spatial and industrial distribution traits and
impact factors of water pollution on Hainan island. This study was aimed at
discussing strategic ways to further building of eco-province on the island. Be-
sides, many other studies on water quality of islands mainly focus on groundwa-
ter of volcanic islands, which discussed the effects of extra conditions such as
climate change (Davood Mahmoodzadeh et al., 2014), surface soil (Syuntaro Hi-
radate et al., 2015) and sediments (Tatiana Cruz Fuentes et al., 2014) to ground
water of the island. Researches concentrating on ground water of volcano island
were relatively sufficient, however, there is a lack of studies focusing on the
stream water quality and its corresponding impact factors of islands intervened
by intense human activities. On a habitat island which is short of sewage treat-
ment facilities, agriculture non-point source and urban point source pollution
discharge have a significant effect on the stream water on the island and its
downstream estuarine (Baker, 2003). Therefore, there is a missing of research on
stream water quality of island associated with human settlements. Studying the
influence of stream water quality of an island under anthropological develop-
ment has important significance in protecting the ecological environment, as
well as planning and implementing sustainable development of the small island
(Ghina, 2003).

As spatial variations in land use type have affected the integrity and water

quality of water resources, research on correlativity between land use type and
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stream water quality can provide valuable information for the development plan
of the islands. For instance, many chemicals constitutes such as ammonia nitro-
gen concentration and chemical oxygen demand are affected both directly and
indirectly by human land use activity (Bahar et al., 2008), which in turn cause
water contamination problems, and potentially alter the ecological water envi-
ronment. The relationship between land use type and water quality has been
widely studied, discovering that stream water pollution is significantly related to
agricultural non-point source pollution, discharge of industrial sewage and rural
domestic waste (Ye et al, 2009). According to former researches (Dylan S.
Ahearn et al., 2005; Roberts & Prince, 2010; Maria Laura Miserendino et al.,
2011; Meneses et al., 2015; Songyan Yu et al., 2016), studying the influence of
land use type on water quality is an effective and practical approach to predict-
ing stream water quality trend in different scales of natural area. However, few
researchers have explored the spatial relationships between land use type and
stream water quality in a watershed on an island. Nevertheless, for some estua-
rine islands like Chongming which are close to a highly urbanized region, the
land use type should have a major impact on its water environment and water
resource. In addition, assessing the impact of land use type on islands is also an
important subject faced by resource managers (Romeela Mohee et al., 2015).
And this study will focus on figuring out the relationships between land use type
and stream water quality of a habitat island.

Although many studies use conventional statistical methods such as ordinary
least square (OLS) regression to address the relationships between land use type
and alteration of water quality in different scales and places (Hejun Chang, 2008;
Heidi Hertler et al., 2009; Guy Ragosta et al., 2010; Jinliang Huang et al., 2012;
Meneses et al., 2015), this global regression lacks the ability to process relation-
ships in local-specific area and spatial autocorrelation in model residuals (Son-
gyan Yu et al., 2016). Besides, researchers found that different land use types
have different impacts on water quality, and the relationship between a water
quality indicator and a land use type may not constant over space (Jun Tu,
2011). In order to solve the inconsistency problem caused by spatial scale effects
and watershed features, a geographically weighted regression (GWR) model,
which has advantages for exploring the continuously spatial relationship varia-
tions over conventional global statistical methods was applied to examine the
spatially varying relationships between land use type and water quality parame-
ters (Fotheringham et al., 2003; Jun Tu et al., 2007; Jinliang Huang et al., 2015).
An OLS model is also applied to compare the performance with GWR model.

This study aims at discovering spatial land use-water quality relationships of a
human lived estuarine island in eastern coast of Shanghai (China) using 646
sampling data during the rainy seasons in 2011, as a deficiency of sampling sites
in the whole study area has limitations on the effect of model simulation (Jin-
liang Huang et al., 2015). The GWR regression model was used for analyzing the

impact of various land use types on different water quality parameters over
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space, and giving out the spatial relationship results. In order to examine which
land use type can be applied as an important indicator to estimate and predict
water quality, so as to improve the ecological management of land use of a scien-
tific approach. Finally, the objectives of this study include: 1) discover the cha-
racteristic of spatial effect of different land use type of water quality of the island;
2) reveal the spatial relationship between stream water quality and multiple land
use types; 3) discuss some general insights for island watershed management

implications.

2. Study Area

Chongming Island is located in the Yangtze river delta, approximately 8 km off
the coastal area of East China Sea at 121°11'30" to 121°54'00"E longitude and
31°27'00" to 31°51'15"N latitude (Figure 1). It has a major axis in the west-east
direction. The island is the largest estuary alluvial island in the world which
covers about 1200.68 km* land area with a history of 1300 years. In 2011,
Chongming Island supported a population of about 703,722 including local and
Outlanders. Chongming Island is situated in a subtropical zone with a monsoon
climate, with a mean annual temperature of 15.3°C. Its annual rainfall amounts
to 1003.7 mm but 70.7% occurs in rainy seasons from April to September. It is
characterized by a high density of river networks, fertile soil and relatively iso-
lated environment with a long history of tillage. Besides, Chongming Island is
ecologically sensitive as it is located in a boundary zone of ocean and estuary,

which is close to a highly urbanized city area.
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Figure 1. Study area and position of sampling points.
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The island developed with agriculture based on the principle and supplemented
by few manufacturers in a long term. Along with the construction of infrastruc-
ture and a local urbanization, industry gets a rapid speed of development. How-
ever, the development situation of agriculture will not change in recent years.
Therefore, non-point source generated by agriculture and rural residence is as-
sumed to be a long term problem. Beyond that, the island has to rely on the fresh
water which is gained from the Yangtze river to fulfill the needs of lives. Thus,
shortage of fresh water results in a high request for stream water quality inside
the island.

3. Data and Methods
3.1. Data Sources

3.1.1. Water Quality Data

Water quality data of 2011 were obtained from Water Conservancy Management
Office in Shanghai. The data were collected from the second water resource
census of Shanghai. The whole process of surface water sampling and laboratory
experimenting followed the Chinese National Standard (CSN) and also the In-
ternational Organization for Standardization (ISO). Besides, the quality control
procedures of laboratory work were also complied with CSN. Data from 646 wa-
ter sampling sites were collected on the island, and the water quality parameters
consisted of Biochemical Oxygen Demand (BODs), Chemical Oxygen Demand
(COD), ammonia nitrogen (NH;-N), total phosphorus (TP), total nitrogen (TN).
We have calculated the average value of each water quality indicator at each spot

to ensure the veracity of the regression results.

3.1.2. Land Use Data

Land use data for 2010 were obtained from the Key Laboratory of Geographic
Information Science of Ministry of Education, East China Normal University as
the original land use data sources. Land use types of the original data set were
reclassified into six categories by integrating: industrial, built-up, transportation,
agriculture, green land and water area. We summed public green land, function-
al green land and forest land as green land in this study. Built-up land is summed
as a percentage of public architecture, residential, commercial and recreational
land. Water area is summed as rivers, lakes and ponds.

In order to make land use indicators and water quality sampling sites better
corresponded, the study area has been divided into 17 hydrology sub-catchments
using Arcgis spatial hydrological module, based on digital elevation data pro-
vided by Geographical Information Monitoring Cloud Platform, and then cal-
culate land use indicators.

All land use indicators (percentage of each land use area) were calculated in
Arcgis by overlapping land use and water quality indicators in the sub-catchment
drainage area of every sampling site. Thus, the linkage of land use indicators for
each sampling site and sub-catchment were established, then used for further
analysis.
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3.2. Regression Method

3.2.1. Geographically Weighted Regression
The geographically weighted regression (GWR) model is an extension of the or-
dinary least squares (OLS) regression model that allows parameters to be esti-
mated by a multiple regression model (Fotheringham et al., 2003). Instead of es-
timating global parameters which ignores the coordinates of the observations,
geographically weighted regression can generate a continuous surface of para-
meter values at each local observation to denote the spatial variations of the sur-
face. This article aims to discuss the spatial influence caused by land use type on
Chongming Island, using the method of GWR perform more pertinently and
making spatial analysis fit the real situation. For the operation of OLS, we need
to compare the accuracy of the results generated by two different regression
models so as to testify the advantage of GWR in a spatial analysis.

GWR is a model associating variables with localized regression coefficient, it is
based on kernel regression which allows various relationships to exist at different
points in space (Antonio Pasculli et al., 2014). A typical GWR model can be

written as follows:
k
Yi =Bo (HivVi )+2Bi (P-i 'Vi)Xij +§
i-1

where Y, denotes the dependent variable, in this case the value of water quality
parameters at location 7 p, and v; denotes for spatial point coordinates for
each location 4 By (1 ,Vi) stands for the intercept coefficient at location 4 y;

is the value of the jth explanatory variable at location 7 (ui ,vi) is the local
regression coefficient for the ith explanatory variable. Besides, & is the number of

independent variables, e,

i is the random location specific error term. All ob-

servations around sampling sites were weights using a distance decay function in
GWR, with an assumption that the observations closer to the sampling sites have
higher effects on local estimates for the site (Tu & Xia, 2008). In this study the
adaptive bi-square nearest neighbor formulation was adopted as the weighting
function of the GWR model, as the data points were distributed freely over the
study area, and the optimal bandwidths was generated through minimizing the
AICc (Akaike Information Criterion) to the lowest, which on behalf of a better
model performance (Hurvich et al.,, 1998). The kernel shape is defined by fol-
lowing equation:

l1-(q, hj22 d, <h,
(i /hy)

o =
0 otherwise

where o, is the weight of observation j for observation 7 d is the distance
between observation jand 4 h; is the kernel bandwidth which stands for the
nth nearest neighbor distance from j.

GWR model generates a separate regression equation for each observation
and provides a method to measure the spatial relationships between dependent

variables and independent variables, assessing degree of spatial non-stationarity.
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The regression results calculated by GWR model mainly include local parameter
estimate value, the local R? value, t-test value of the local parameter estimates,
and the local residual value. The local parameter estimate value was used to
study the positive or negative relationships between variables, the local R* value
reveals the situation of fitting optimization of the model, the t-test value was ap-
plied to examine the significance of the sampling points, and the local residual

was used to calculate spatial autocorrelation of the model.

3.2.2. Spatial Autocorrelation Analysis

Spatial autocorrelation refers to the same variable in different spatial positions
relevance, it can be divided into global and local indicators. Global Moran’s I is
calculated to detect spatial types throughout the study area which uses a single
value to reflect the degree of autocorrelation of the study area. If a significant
spatial correlation exists in an OLS or GWR model, then the model is probably
to be invalid as it violates the assumption of randomly distributed and indepen-
dent residuals in regression models (Rodrigues et al., 2014).

Moran index of model residual is one of the important indicators to test spa-
tial autocorrelation. Moran index ranges from —1 to 1, the closer it reaches to -1
or 1, the more significant spatial autocorrelation the model has. Besides, the in-
dex reaches to zero indicates a spatial randomness (Antonio Pasculli et al., 2014)
of the sample. This paper has calculated the global and local Moran index of re-
siduals of each GWR and OLS model to evaluate the model's ability to deal with
autocorrelation. Local Moran’s I has been calculated for each spatial unit and the
adjacent unit on the relevance of a particular property.

This study used spss 20.0 software to establish OLS model. GWR model was
set up by GWR4.0 software, Global Moran’s I and Local Moran’s I statistics were
carried out using Geoda software.

4. Results

4.1. Variation of Land Use Type and Water Quality among
Sub-Catchments

According to variations of dominant land use type, the study area was divided
into three categories, including urban sub-catchment, agriculture sub-catchment
and less-developed sub-catchment so as to facilitate the research (Figure 2).

The land use varied among sub-catchment. In urban sub-catchment (U1, U2,
U3) the total proportion of industrial land, built-up land, transportation land,
has exceeded 22% of the sub-catchment, and in agriculture district (A1, A2, A3,
A4) the percentage of agriculture land is more than 40% of the total area. Be-
sides, the proportion of less-developed land (L1 - L10) which includes water
quality and green land is beyond 63% of the corresponding sub-catchments.

The water quality of streams on Chongming Island generally met the re-
quirements of landscape and recreation use set by surface water quality standard
of Grade IV. However, spatial variations of water quality were found among dif-
ferent sub-catchments (Table 1).
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The less-developed catchments had a lower concentration of DO and a
higher COD, BOD, TP, TN, NHj;-N, than urban catchments and agriculture
catchments. Compared to the standard concentrations of Grade IV, water
quality parameters of DO, TP, TN, NH;-N, had a higher exceeding rate than
COD, BOD. Besides, the exceeding rate of DO, NH;-N at the less-developed
catchments (range: 65%, 63%) was higher than the urban catchments (range:
59%, 58%) and agricultural catchments (range: 59%, 59%). The results demon-
strated that there was a potential risk of nutrient pollution in the less-deve-
loped catchments.

Normally, local parameter estimate (regression coefficients) of an indepen-
dent variable of the GWR model is used to examine the level of dependent varia-
ble affected by independent variable. In this study, regression coefficients calcu-
lated by the GWR model were applied to analyze the relationships between land

use type and water quality indicator at each regression point. Additionally, the

L10
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L7
L6
L5
L4
L3
L2
L1
A4
A3
A2
A1

u3

Subcatchment

[
N

i
Il

u1

I 1 1 1 1 1 1 1 1 1 1

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
Propottion of Land Use

Il industrial land Il build-up land I vaterarea
[ transportation land | Jagricultureland [JJll greeniand

Figure 2. Land use proportion of Chongming Island.

Table 1. The variation of water quality parameters of different sub-catchment.

urban agriculture less-developed .
Water quality sub-catchment sub-catchment sub-catchment ~ Crade Exceeding rate (sub-catchment)
Parameters v
Mean S.D. Mean S.D. Mean S.D. urban agriculture less-developed
DO (mg/l) 2.934 1.85 2.9 1.62 2.8 1.84 3 59% 59% 65%
COD (mg/l) 24.11 7.58 20.94 6.12 22.5 21.79 30 13% 6.6% 9.8%
BOD (mg/1) 4.81 1.57 4.35 1.68 4.29 2.02 6 18% 7.7% 13%
NH;-N (mg/1) 1.89 1.25 2.03 1.69 2.32 1.99 1.5 58% 59% 63%
TP (mg/1) 0.48 0.26 0.46 0.28 0.51 0.37 0.3 77% 58% 74%
TN (mg/1) 4.25 1.32 4.8 2.29 5.1 2.1 1.5 100% 100% 100%
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local R? generated by the model was used to demonstrate the ability of the cor-
responding models to explain the spatial variance of model regression results. At
last, the significance of the relationships was examined by t-test in the GWR
models during estimates of the independent variable (Dylan S. Ahearn et al.,
2004).

4.2. Performance of OLS and GWR Model

Generally, the local R* and AICc (Hurvich et al., 1998) of GWR were calculated
to evaluate model performance. The increase of local R? of the model indicates a
strong explain ability from independent variable to dependent variable. And
AICc value was calculated to evaluate the accuracy and complexity of the regres-
sion model. A lower value of AICc of the model accounts for a better ability to
predict (Wang et al., 2013).

In this study, we found that the performance of GWR model had a significant
promotion compared with OLS model. As shown in Table 2, all local R* value of
GWR models displayed much higher than OLS models, revealing a great im-
provement of model ability to better explain spatial variance of the independent
variables.

AICc is another important parameter to assess the accuracy and precision of

regression model. A comparison of AICc values between different models of the

Table 2. Coefficient of determination local (R?) value of GWR models.

indicators IN TR BU AG GL WA

Ré 0.36 0.034 0.392 0.174 0.282 0.059
DO
Ré 0.109 0.003 0.109 0.078 0.013 0.006

RZ 0.292 0.039 0.389 0.181 0.668 0.053

cop R? 0.131 0.007 0.139 0.055 0.011 0.002
RZ 0.369 0.157 0.313 0.172 0.187 0.181
BODs R2 0.012 0.021 0.16 0.002 0.02 0.015
Ré 0.205 0.191 0.195 0.506 0.207 0.133
NEL-N Ré 0.001 0.01 0.002 0.216 0.026 0.054
RZ 0.094 0.099 0.199 0.69 0.513 0.429
T R? 0.001 0.005 0.001 0.102 0.211 0.124
RZ 0.15 0.072 0.243 0.461 0.563 0.604

TN

Ré 0.013 0.045 0.001 0.142 0.234 0.147

Abbreviations: industrial land (IN), transportation land (TR), built-up land (BU), agri-
culture land (AG), green land (GL), water area (WA). Ré denotes coefficient of deter-
mination value of the geographical weight regression, R2 denotes coefficient of deter-

mination value of the ordinary least square regression.
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same dependent variables provides a simple way to detect the superiority of the
model, in which lower AICc value denotes that the model has a closer prediction
result than the measured value (Tu et al., 2007). As shown in Table 3, improve-
ments for all AICc values were observed for GWR models over OLS models in
this study. All the t-test values of GWR model are shown to be significant (p <
0.05) for different land use indicators with water quality parameters. Through
the examination of AICc and local R?, a significant advantage of the GWR model
over OLS model was found, which was a guarantee for better accuracy of the
GWR model.

The global Moran’s I was calculated to evaluate the autocorrelation of model
residual. Statistically significant positive spatial autocorrelation was found in all
the OLS models with Moran’s I value ranged from 0.098 to 0.695, which indi-
cates the model violated the assumption of residual independence. In contrast,
all GWR models had the global Moran’s I ranged from 0.005 to 0.024, revealing
a much better ability to deal with spatial autocorrelation compared with OLS
model. (Table 4)

4.3. Variations of Spatial Relationships between Land Use and
Water Quality

Relationships between percentage of each land use type and water quality had
shown an obvious spatial non-stationarity according to GWR model results,

which suggests that the relationship between land use type and water quality is

Table 3. Statistical test results of AICc value.

indicators IN TR CO AG GL WA
AlICco 2606.814 2610.943 2606.691 2612.609 2610.893 2609.691
PO AICcc 2593.869 2610.943 2590.206 2600.171 2594.77 2594.956
AlICco 5640.679 5636.487 5639.917 5640.644 5633.407 5639.778
cop AICce 5626.058 5632.664 5620.169 5621.856 5621.066 5625.573
AlCco 2707.845 2695.39 2707.382 2707.499 2696.1  2699.127
BOD: AICce 2637.761 2640.716 2635.421 2638.789 2634.713 2637.694
AICco 2183.28 2176.716 2179.108 2174.425 2177.265 2168.419
NH-N AICcc 2113.363 2118.291 2111.955 2124.125 2112.191 2138.119
AlCco 460.977  458.575 461.525 460.198 454.178  445.807
T AICcc 438.738  436.137 433.649 437.398 436.743  430.908
N AlICco 2832.433 2802.579 2832.072 2832.713 2810.558 2801.161

AICcc 2775.144 2788.017 2772.574 2469.801 2772.173 2782.695

Abbreviations: industrial land (IN), transportation land (TR), built-up land (BU), agri-
culture land (AG), green land (GL), water area (WA). AICcs denotes the AICc value of
the geographical weight regression, AICco denotes the AICc value of the ordinary least
square regression.
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Table 4. Moran’s I of the residuals from GWR model.

indicators IN TR CcO AG GL WA
Io 0.341 0.462 0.390 0.238 0.21 0.252
DO
Ic 0.207 0.122 0.122 0.094 0.061 0.242
Io 0.114 0.687 0.34 0.539 0.218 0.304
COD
Ic 0.127 0.159 0.123 0.212 0.137 0.135
Io 0.185 0.155 0.261 0.202 0.366 0.409
BOD:s
Ic 0.229 0.122 0.179 0.216 0.136 0.194
Io 0.231 0.587 0.208 0.385 0.264 0.439
NH;s-N
I 0.072 0.201 0.111 0.076 0.203 0.122
Io 0.317 0.348 0.695 0.535 0.434 0.209
TP
I 0.189 0.143 0.143 0.194 0.099 0.091
Io 0.326 0.281 0.098 0.189 0.210 0.103
TN
Ic 0.168 0.103 0.005 0.021 0.126 0.008

Abbreviations: industrial land (IN), transportation land (TR), built-up land (BU), agri-
culture land (AG), green land (GL), water area (WA). Ic denotes the value of Moran’s I
for residuals from the geographical weight regression, Io denotes the value of Moran’s I
for residuals from the ordinary least square regression.

changing over space (Fotheringham et al., 2003). Land use indicators have both
positive and negative relationships with all water quality parameters. But not all
the relationships are significantly related.

For relationships between agricultural land and water quality, TN, TP, NH;-N
had higher significant levels than other water quality parameters. Nutrient of
TN, TP, NH;-N demonstrated a significant positive relationship (p < 0.05) with
percentage of agriculture land in most of the less-developed sub-catchment. How-
ever, negative relationships were also appearing in agriculture sub-catchments, in-
dicating the increase in the proportion of the agricultural land had little impact
on the concentration of TN and TP (Figure 3).

Percentage of green land had a significant negative relationship (p < 0.05)
with the concentration of TP in agriculture and less-developed sub-catchments
(A1, A3, L3, L6, L7, L8), and positive relationship at A2, A4, L4, L5 sub-catch-
ments. Meanwhile, the concentration of TN was negatively influenced by pro-
portion of green land on both ends of the island area (L1 - L3, L8, L10, A4), but
positively influenced by proportion of green land in agriculture and urban sub-
catchments (A2, A3, U2, L7) (Figure 4).

Impact from built-up land on water quality was alleviated. As shown in Fig-
ure 5, percentage of built-up land presented significant positive relationships
with a concentration of BODs and COD mainly in the north area of the island
(L1, L2, L3, L4, L5, L6, Al, A2, A3), suggesting that a higher percentage of
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Figure 3. Results of the GWR model between percentage of agriculture land and water quality, from top to down: TP, TN, NH;-N.
Abbreviations: (a) local coefficients for water parameters and percentage of agriculture land; (b) significance distribution for water
parameters and percentage of agriculture land.

built-up land relates to higher concentration of water pollutants in the corres-
ponding area. On the contrary, parameters of BODs; and COD were negatively
influenced by built-up land in south and the central area which basically consist
of urban and less-developed sub-catchments (U1, U2, L7, L8, L9, L10).

The percentage of industrial land was found to be closely related to all aerobic
organic pollutant water quality parameters than nutrients with an obvious spa-
tial non-stationarity existed. Proportion of industrial land had significant posi-
tive relationships with a concentration of BODs and COD at all urban sub-
catchments in the north region (U1, U3) for most of the sampling sites. Same

positive relationships were found in agriculture sub-catchments. In the mean

DOI: 10.4236/gep.2022.107017 290 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2022.107017

L. Ding

coefficient for proportion
of green land
-143.162—-50.472
-47.539—-6.002
-5.552—0.000
0.041-—311.386
339.416—572.181
607.072—778.208

t-value for proportion
of green land

@ significant P<0.01
O significant P<0.05
® Notsignificant

[ NeNeNoN X ]

coefficient for proportion
of green land

® -301.542—-120.302
® -120.301—-18.549
® -18.549—-0.000
0 0.001—61.618

® 61.618—112.903
® 112.903—258.998

t-value for proportion
of green land

@ significant P<0.01
O significant P<0.05
® Notsignificant

coefficient for proportion
of green land

® -347.800—-226.61
® -226.613—-49.124
® -49.125—-10.831
© -10.830—0.000

©® 0.001—4.056
® 4.056—13.009

t-value for proportion
of green land

@ significant P<0.01

O significant P<0.05
® Notsignificant

0153 & 9 12

0153 & o
I —— I ——— o motors

2
Kilometers

Figure 4. Results of the GWR model for percentage of green land with water quality parameters, from top to down: COD, TP, TN.
Abbreviations: (a) local coefficients for water parameters and percentage of green land; (b) significance distribution for water pa-
rameters and percentage of green land.

time, correlation between percentage of industrial land and concentration of DO
had revealed a significant negative relationship concentrated in all urban sub-
catchments (U1, U2, U3), part of agriculture sub-catchments, and a large pro-
portion of less-developed sub-catchments (A1, A2, L1 - L10).

Significant negative relationships were found between percentage of the water
area and concentration of TP in the less-developed sub-catchments areas located
in the southern and central parts of the island (L6, L7, L8, L9, L10). Similarly, the
concentration of NH;-N had a significant negative relationship with percentage
of water area, which was also distributed in the central and southern parts of the
island (L5, L6, L7, L9, L10).
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Figure 5. Results of the GWR model between percentage of built-up land and water quality, from top to down: BODs, COD, DO.
Abbreviations: (a) local coefficients for water parameters and percentage of built-up land; (b) significance distribution for water
parameters and percentage of built-up land.

5. Discussion

5.1. Explanatory Ability of Land Use Variables

Local R? is the fitting optimization between independent variables and depen-
dent variables. Higher R? illustrates that an independent variable can explain
more variance to a dependent variable. However, the meaning of the measure-
ment equation is far more important than the statistical significance. As a rela-
tively low fitting optimization of GWR model could also illustrate the relation-

ships in a right way only if they have significance in environmental studies (Hei-
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di Hertler et al., 2009).

The average local R? of all GWR models of this study is 0.27, which is relative-
ly low compared with previous studies (Kibena et al., 2014), indicating that land
use type could only account for 27% of the effect to stream water quality on
Chongming Island (Qinghai Guo et al., 2010). Some researchers (Galbraith &
Burns, 2007) also found that the explanatory ability of land use variables was less
than 30%, with land use variables only contain composition of the land, mean-
while other studies covered configuration of land use type, geological and hy-
drologic indicators (Johnson et al., 1997; Sliva & Williams, 2001; Jun Zhao et al.,
2015). The differences indicate that the explanatory ability on an estuary island
is not only related to hydrologic factors and social economic level, but also to

how many corresponding and water quality parameters are being considered.

5.2. Spatial Varying Effects from Land Use to Water Quality

Results of local parameter estimates, t-test, and local R* generated by GWR models
allow the analyzation of the Spatial varying effects from land use to water quality
parameters.

Agriculture land and Industrial land

Agriculture land was mainly associated with TN, TP, NH;-N both positively
and negatively over space. A positive significant relationship was found between
the percentage of agriculture land and nutrients in less-developed areas. It
means that an increasing of agricultural land proportion will lead to a high con-
centration of TN in stream water of the corresponding area. This is due to agri-
cultural activities, including utilization of chemical fertilizer, livestock farming
(Carpenter et al., 1998; Haidary et al., 2013; Lee et al., 2009; Sonoda et al., 2001;
Sun et al,, 2013; Tu, 2011; Wan et al., 2014) and excrement generated by aqua-
culture, were still the main source of total nitrogen and phosphorus (Carpenter
et al., 1998; Jun Zhao et al., 2015) in the year of 2010.

However, the percentage of agriculture land also has a negative relationship
with the concentration TN, TP, NH;-N in agriculture sub-catchments (Figure
6), as in sub-catchments where the percentage of agricultural land has been al-
ready high, the change in proportion of agriculture land had little effect on water
quality of nutrients.

In urban sub-catchments, the percentage of industrial land ranged from 0.1%
- 3.6%, indicating that industrial development on Chongming Island was only in
its primary stage, but industrial emission was an important source of water pol-
lutants. According to the result of local parameter estimates, industrial land
tends to have significant positive relationships with BODs, COD and a negative
relationship with DO in urban sub-catchments, which agreed with some former
studies (Evan J. Fedorko et al., 2004; Dylan S. Ahearn et al., 2005; Haidary et al.,
2013; Lee et al., 2009; Pratt & Chang, 2012; Tu, 2013; Wan et al.,, 2014), as waste
water discharged by factories from industrial park hardly meet the Chinese

waste water treatment standard. Additionally, the local treatment plant has a
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Figure 6. Prediction map: Kriging of all local parameter estimates of the GWR results
between water quality parameters and agriculture land, from (a) to (c): TP, TN, NHs-N.
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deficiency on processing ability and capacity to treat a needed amount of waste
water. Significant positive relationships were revealed between industrial land
and concentration of BODs, COD in agriculture sub-catchments, which primar-
ily attribute to expansion of agro-industry.

Green land and Water area

An increase of green land area could reduce the concentration of nutrients of
water quality parameters, meanwhile both the concentration of COD, BOD, DO
and TP, NH;-N, TN will improve along with the increase of water area.

Green land is often associated with good water quality (Schoonover et al.,
2005). The percentage of green land had shown a significant negative relation-
ship with TP and TN in most of the less-developed sub-catchments, indicating a
rise of green land proportion could reduce the concentration of COD and TP in
stream water. Non-point source pollutants from agriculture activities had been
sent into rivers and streams loaded by land run-off. During the period that
run-off flow through grassland or forest land, nutrient molecules have been fil-
trated when they were affected by ecological processes, including soil adsorption,
biological fixation of nitrogen from plants in green land and forest land (Sang-
Woo Lee et al., 2009).

However, concentration of TN had shown a positive relationship with per-
centage of green land in some sub-catchments, reflecting a spatial different form
GWR model. These results probably attributed to the contribution of fertilizer
plants nearby (Water Conservation Bureau of Chongming, 2009).

The impact of water area on water quality was seldom reported in former re-
searches. The analysis of GWR model results discovered that almost all water
quality parameters had significant spatial relationships with the percentage of
water area. TP and NH;-N had negative relationships with water area in the
south less-developed sub-catchments, while high percentage of water area were
associated with lower concentration of COD, BODs and DO. (Figure 7 and Fig-
ure 8) Both of the corresponding sub-catchments had a low percentage of water
area ranging from 2.7% to 9.2%. The local water environment assimilative ca-
pacity will be improved with the increase of water area, which might be the main
reason why concentration of TP, NH;-N, TN were negatively associated with the
percentage of water area in the less-developed sub-catchments.

Built-up land

A clear spatial variance was found between the percentage of built-up land
and water quality using GWR model. In contrast with the findings of previous
research, high percentage of built-up land was not associated with bad water
quality in urban sub-catchments and less-developed sub-catchments on Chongm-
ing Island.

Strong significant negative relationships between BODs and COD and per-
centage of built-up land were found in south and north central area which basi-
cally consisted of urban and less-developed sub-catchments, and the results may
have two primary cause. On one hand, Chongming Island had widely adopted
the technology of rural domestic sewage treatment facilities before 2010, and the
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between water quality parameters and built-up land, from (a) to (c): BODs, COD, DO.

DOI: 10.4236/gep.2022.107017

297 Journal of Geoscience and Environment Protection


https://doi.org/10.4236/gep.2022.107017

L. Ding

treatment process works well at reducing the input nutrients generated by do-
mestic sewage and rural livestock farming (Sheng Xie, 2013). On the other hand,
in a sub-catchment where percentage of built-up land is low, it normally con-
tains higher percentage of agriculture land and green land, which generates less
water pollutants. As a consequence, high percentage of built-up land might not
always associate with adverse water quality.

The GWR model results denoted that a lower percentage of built-up land was
always associate with higher concentrations of BODs and COD of stream water.
In a sub-catchment where percentage of built-up is lower, it normally contains
higher percentage of agriculture land and green land which generates less water
pollutants. Therefore, high percentage of residential land might not always asso-
ciated with adverse water quality.

However, in agriculture sub-catchments and less developed sub-catchments at
the south of the island, the model results of built-up land and water quality had
some significant positive relationships, which indicates built-up land still made

certain contributions to non-point source pollution in those area.

5.3. Various Relationship between Land Use and Water Quality of
Different Scales

This paper has simulated the spatial relationship between land use type and stream
water quality of an estuary island on catchment scale, the results have many dif-
ference with most previous research (Dylan S. Ahearn et al., 2005; Haidary et al.,
2013; Johnson et al.,, 1997; Lee et al., 2009; Pratt & Chang, 2012; Sonoda et al.,
2001; Tu, 2013; Wan et al., 2014). The proximity at which land-use influences wa-
ter quality has been studied in several different ways with varying results.

In some naturally upstream watershed scales, water quality of nutrients was
strongly and positively related with built-up land (Sun et al., 2013). Meanwhile
in coastal watershed scale, agriculture land was negatively correlated with nu-
trients of NH;-N, TN (Jinliang Huang et al., 2013). Dylan studied the relation-
ship between water quality and land use at a rural watershed scale showed that
the proportions of built-up land including rural habitation and commercial land
use had positive correlations to TN, TP, NH;-N, COD concentrations (Dylan S.
Ahearn et al., 2005). Besides, percentage of industrial land can’t predict the
loading of NH;-N and TN. However, a combination of grassland and agricultur-
al land plays an important role in driving the nutrient loading, which increased
with increasing agricultural coverage. This relationship was also identified by
our study.

In some highly developed watersheds, Johnson, Zhao had summarized that
agriculture is no longer a pollution source but a container for pollution under
the circumstances of rapid urbanization (Zhao, 2008). Christopher argues that
urbanization had the strongest negative influence over water quality in different
buffer scales of land use (Christopher P. Tran et al., 2010). Furthermore, Zhao
found that urban land (built-up land, commercial land) had a positive relation-
ship with most water quality indicators (TN, TP, CODw,, and NH;-N) in met-
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ropolitan area, which is consistent with most previous research (Dylan S. Ahearn
et al., 2005; Haidary et al., 2013; Johnson et al., 1997; Lee et al., 2009; Pratt &
Chang, 2012; Sonoda et al., 2001; Tu, 2013; Wan et al., 2014).

Chongming Island wasn’t deeply affected by human disturbance, and nor the
upstream water. It was self-closed using sluice on stream connected to the sea.
The urbanization and industrialization were still in its primary age. Although
agriculture land use had the most important impact on water quality in this
study, green land and water area had a negative impact on water quality. Partic-
ularly, green land and built-up land had a more complex relationship with water
quality. Green land had a positive relationship with COD in water while built-up
land was positively related with DO. This result had been confirmed by previous
study (Dylan S. Ahearn et al., 2005). However, this relationship was only signifi-
cant within the sub-catchment scale. When the scale size increased to the whole

island, the correlation between industrial land use and water quality decreased.

5.4. Island Water Environment Conservation and Land Use
Development Plan

This research has studied the spatial correlations between various land use types
and stream water quality on an estuarine island, in which agriculture is the
dominated land use type.

The application of GWR model results have provided specific references on
protecting the stream water quality of the island: 1) a rapid development of agri-
cultural activity and agro-industry in the past few years were the main sources of
water pollution, 2) negative impact on water quality from built-up land had been
alleviated after the popularization of domestic sewage treatment service, but it
was still a pollution source in the southern less-developed area, 3) industrial
emission still had important effects on water quality in urban regions and some
agriculture sub-catchments, 4) water quality in less-developed sub-catchment
was more vulnerable compared with urban sub-catchment and agriculture sub-
catchment, 5) on the whole scale of the island, transportation land was not sig-
nificantly related with water quality.

The protection of stream water quality of an estuarine island is a priority for
island ecological conservation, as sustainable development is the main objective
of management for Chongming Island. Few suggestions have been proposed for
conservation of water quality on the island. Firstly, land use development plan
should pay more attention to controlling the total amounts of agricultural activ-
ity and intensification of agro-industry, improving the efficiency of domestic
waste water treatment, so as to reduce non-point source of contaminants. Se-
condly, the administrative department should restrict industrial growth in the
conservation area, and ensure waste water from factories is strictly treated to
meet the emission standard before it is discharged into the river. Finally, local
development programs should enlarge the percentage of green land in urban and
agricultural sub-catchments, and put river network protection job as the focus,

especially in highly developed areas.
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5.5. Limitations of This Study

This study attempted on applying a relatively large sample size in the GWR
model application compared with former studies, (Christopher P. Tran et al.,
2009; Huang et al., 2015) trying to figure out the spatial association between wa-
ter quality and various land use types on Chongming Island respectively. Never-
theless, there were several limitations. On one hand, there is a lack of compari-
son between high and low run-off condition of the land surface, this study only
concern about water quality in the wet season of the year 2011. On the other
hand, the classification of sub-catchments in this article is an approach which
mainly suits when illustrating effects of surface water quality from non-point
pollution source. In sub-catchments where point source discharge was the dom-
inated pollution source, the results of the model may be affected. Besides, this
study haven’t verified the temporary effect of land use change on stream water
quality of the island, as only one year of the water quality and land use data were
analyzed. Both positive and negative relationships appeared in some other sub-
catchments, which might be affected by the sampling frequency and the way the

sub-catchments had been divided.

6. Conclusion

In order to assess the spatial relationship between island stream water quality
and land use type, we applied a geographically weighted regression methodology
to analyze data collected from a river network of an estuarine island.

The characteristic of spatial effect from each land use type to water quality was
evaluated by analyzing the results calculated by GWR model. We conclude that
the water quality of less-developed sub-catchments at northern and southern
parts of Chongming Island was regions which can be easily affected by land use
types. Of all the water quality parameters are used to evaluate the impact from
different land uses, water parameters of TN, TP, BODs, COD have shown the
most obvious and significant responses.

The spatial relationship between land use type and water quality was evaluated
through the local parameter estimate statistic analysis, which discovered that nu-
trients, mainly revealed positive and negative relationships with agriculture land
and green land respectively. Meanwhile BODs, COD were positively related to in-
dustrial land and built-up land. Green land and water area had a reduced effect on
nutrients in agriculture and less-developed area. Expansion of industrial land will
continuously be a pollution source of the river simultaneously. Unexpectedly,
built-up land denoted a negative impact to water quality in parts of the study area.

By the application of GWR model the character of spatial non-stationarity re-
lationships and potential spatial differences between water quality and land use
type was revealed, which could provide practical reference to island managers.
In order to explore the effects from land-use to water quality, so as to protect the
water environment of the island from been degenerated, further studies should

be conducted in the future.
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